four adhesion molecule-like RPTPs are selectively expressed on CNS axons, suggesting that they could be involved in growth cone guidance or extension (Tian et Summary al, 1991; Yang et al., 1991; Hariharan et al., 1991; Desai et al., 1994) . In this paper, we show that two of these The receptor tyrosine phosphatases DPTP69D and RPTPs, DPTP69D and DPTP99A, are required for guid-DPTP99A are expressed on motor axons in Drosophila ance of specific motor axons during embryonic develembryos. In mutant embryos lacking DPTP69D proopment. tein, motor neuron growth cones stop growing before reaching their muscle targets, or follow incorrect pathResults ways that bypass these muscles. Mutant embryos lacking DPTP99A are indistinguishable from wild type.
Introduction dptp69D ( Figures 1A-1B) , in the kinesin light chain (klc) gene (Gauger and Goldstein, 1993) . Another transcripDuring nervous system development, guidance cues tion unit encoding a small nuclear ribonucleoprotein such as differential adhesion and repulsion direct neu-(snRNP) begins only 1 kb upstream of the transcription ronal growth cones to their synaptic targets. In both start of dptp69D. klc and the snRNP gene are tranvertebrates and invertebrates, neuronal surface proteins scribed in the opposite direction to dptp69D. that may transduce adhesive and repulsive signals durTo generate mutations that delete dptp69D coding ing growth cone pathfinding have been isolated and sequence, we remobilized the 11f3 and 59A elements characterized (reviewed by Keynes and Cook, 1995) . and isolated five derivatives in which the elements had Misexpression studies in Drosophila suggest that sevundergone imprecise excision (for details see Experieral of these proteins, including connectin and fasciclins mental Procedures). One of these, Df(3L) 8ex34 , removes II and III, are involved in axon guidance. However, most the entire dptp69D gene, as well as klc and the axon pathways develop normally in mutant embryos that snRNP sequence. A second deletion, Df(3L) 8ex25 , has lack each of these three proteins (Nose et al., 1994; breakpoints within dptp69D and klc and removes seand Goodman, 1994; Chiba et al., 1995) .
quences encoding the cytoplasmic domain of DPTP69D One interpretation of these data is that multiple, partially (Figures 1A and 1B) . redundant cues direct growth cone pathfinding deci-
The extracellular (N-terminal) region of DPTP69D consions so that lack of any one cue has only minor effects tains two immunoglobulin-like domains and three fibroon nervous system development.
nectin type III repeats (Streuli et al., 1989) . Three mutaRecent results suggest that neuronal surface proteins tions derived from 11f3 (dptp69D 1 , dptp69D 2 , and can influence axonal outgrowth via regulation of tyrosine dptp69D
3 ) delete N-terminal dptp69D coding sekinase activity. In vertebrates, activation of neuronal Eph quences, including the signal sequence ( Figure 1B ). family receptor tyrosine kinases can cause growth cone dptp69D 2 deletes sequences encoding part of the first collapse and regulate fasciculation (Drescher et al., immunoglobulin domain. dptp69D 1 removes both immu-1995; Winslow et al., 1995) . In Drosophila, mutations in noglobulin domains and at least two of the fibronectin the tyrosine kinase genes abl and drl affect growth cone type III repeats. Embryos homozygous for these five guidance in the central nervous system (CNS) (Gertler mutations do not express DPTP69D protein, as assayed et al., 1989 Elkins et al., 1990; Callahan et al., by staining with monoclonal antibodies (MAbs) specific 1995). Furthermore, the phenotypes of mutant combinafor the extracellular domain (Desai et al., 1994; see Figure 1B) . tions involving abl suggest that redundancy in axon Figure 1 . A Molecular Map of the dptp69D Region (A) Map of the dptp69D region. Exons of dptp69D and klc mRNAs and the snRNP coding region are indicated by boxes. Arrows indicate direction of transcription. P elements used to generate deletion mutations are depicted as triangles (not to scale). All of this DNA is deleted by Df(3L) 8ex34 (middle line); Df (3L) 8ex25 deletes portions of klc and dptp69D (bottom line). The top line represents the DNA fragment used to make the dptp69D rescue construct. S, SacII; B, BamHI. (B) Detailed map of dptp69D. The patterned boxes indicate regions encoding various sections of the protein: SS, signal sequence; Ig, immunoglobulin-like domains; FN, fibronectin type III repeats (the short third repeat is a recent interpretation); TM, transmembrane domain; PTP, the two PTP enzymatic domains; 3ЈUTR, 3Ј untranslated region. The deletions generated by imprecise excision of the 11f3 and 59A elements are indicated by lines; the breakpoints are located within the regions indicated by the dotted segments of the lines. The portion of dptp69D used to make fusion protein constructs for the generation of anti-DPTP69D MAbs (Desai et al., 1994) is indicated.
Transheterozygous dptp69D 1 /Df(3L) 8ex25 flies survive until the pupal phase, demonstrating that overall development of dptp69D embryos is normal. Rare adult flies eclose, but are feeble and die rapidly. Embryos homozygous for all dptp69D mutations develop a fairly normal CNS axon array. The peripheral nervous system (PNS) has no detectable defects, and the pattern of body wall muscle fibers is also normal (for details see Experimental Procedures).
The lethality of dptp69D 1 /Df(3L) 8ex25 flies can be rescued by a single copy of a dptp69D transgene. This P element construct contains 10.5 kb of genomic DNA, including the entire dptp69D transcription unit with 1.3 kb of 5Ј and 3 kb of 3Ј flanking sequence. dptp69D mutant embryos bearing this transgene in a dptp69D mutant background express DPTP69D in a pattern indistinguishable from wild type (Figure 2) , demonstrating that the control regions required for tissue specificity are contained within the rescue fragment. The axon guidance defects in dptp69D mutant embryos (see below) are also suppressed by a single copy of the dptp69D transgene. These results demonstrate that the lethality One of our groups has previously reported the isolawith six copies of the dptp69D gene (the two endogenous copies tion of a probable null mutation in the dptp99A gene plus four transgenes), stained for DPTP69D expression using the (Hamilton et al., 1995 Figure 3C (see tor axons and growth cones (Figure 2 ; data not shown), suggesting that they could be involved in development diagram in Figure 4D ), some axons leave the ISN at the normal choice point and form a synapse at the muscle of the embryonic neuromuscular system. This is the most accessible system in which to study pathfinding 6/7 cleft (lower large arrowhead). They fail to extend beyond this point to reach muscles 13 and 12 (stall by Drosophila CNS growth cones (reviewed by Bate and Broadie, 1995) . In each abdominal hemisegment, ‫04ف‬ phenotype). Other SNb axons in the same hemisegment do not defasciculate from the ISN at the normal choice motor neurons innervate 30 body wall muscle fibers in a highly stereotyped pattern. In abdominal segments point (as in bypass), but instead leave it at muscle 30 and follow an abnormal route to muscle 12 (detour phe-A2-A7, motor axons leave the CNS via the segmental nerve (SN) and intersegmental nerve (ISN) roots and notype). Although muscle 12 is a normal synaptic site, the large accumulation of axonal material that is obreassort at the exit junction into five major nerves, each of which innervates a different group of body wall musserved there in this hemisegment (upper large arrowhead in Figure 3C ; compare with Figure 3A ) suggests cles. All of the motor axon pathways can be visualized in dissected embryos using the MAb 1D4 marker (Van that inappropriate axons may have been routed to this target. . The ISN innervates dorsal muscles, while SNb and SNa project to ventrolateral and lateral
In the middle hemisegment of Figures 3E-3F (see diagram in Figure 4E ), a different type of split SNb phenomuscle fields, respectively. SNc and SNd innervate different groups of ventral muscles. DPTP69D and type is observed. Here the SNb axons leave the ISN at the normal point, but some stall at the proximal edge DPTP99A proteins are not detectably expressed on any of these muscles (Figure 2 ; data not shown).
of muscle 14 and are apparently unable to defasciculate or extend further (large arrowhead in Figure 3F ). Others, The SNb nerve contains the axons of the identified motor neurons RP1, RP3, RP4, and RP5 and innervates however, extend across the wrong (internal) face of muscles 7 and 6 (upper large arrowhead in Figure 3E ). They seven muscle fibers: 7, 6, 13, 12, 30, 14, and 28 (Halpern et al., 1991; Whitington, 1991a, 1991b) . SNb do not form a synaptic specialization at the muscle 6/7 cleft. growth cones leave the ISN during embryonic stage 15 and turn toward the interior of the embryo at a choice Our characterization of the bypass, detour, and stall phenotypes indicates that SNb growth cones in dptp69D point near muscle 28, entering the ventrolateral muscle field. Each SNb growth cone leaves the pathway at a mutants are impaired in their ability to execute pathfinding decisions correctly, but retain the capacity to recogspecific point to form a synapse on its appropriate muscle target. During stage 16, SNb growth cones extend nize muscle targets. In fact, most SNbs form relatively normally in dptp69D mutant embryos (open arrow in between muscle 14 and muscles 6 and 7 and then again turn interiorly at muscle 30, with the RP5 growth cone Figure 3F ). To investigate the penetrance of the phenotypes associated with the various dptp69D mutations, growing on the internal face of muscle 13 to reach the most distal SNb target, muscle 12 (see diagram in Figure we scored >200 abdominal hemisegments (A2-A7) in dissected embryos from each line. In dptp69D 1 embryos, 4A). Functional synapses begin to form by early stage 17. Figure 3A shows the SNb nerves (large arrowheads) about one in five SNbs has a clear bypass, detour, or stall phenotype (Table 1 ). in three hemisegments of a MAb 1D4-stained wild-type embryo at late stage 16. They are very similar in their Several lines of evidence indicate that the SNb phenotypes observed in mutant embryos are due to the loss size, morphology, and extent of development of synaptic specializations.
of zygotic dptp69D function. First, SNb defects are observed in embryos transheterozygous for the nonoverdptp69D mutant embryos display a variety of abnormal SNb morphologies. Some of these are similar to the lapping deletion mutations dptp69D 1 and Df(3L)
8ex25
. The only gene whose DNA is affected by both of these delebypass, detour, and stall SNb phenotypes described in embryos that misexpress connectin or fasciclin II (Lin tions is dptp69D (see Figure 1B) . Second, Df(3L) 8ex34 and Df(3L) 8ex25 have precise excisions of the starting P eleand Goodman, 1994; Nose et al., 1994) . In the bypass phenotype, some or all of the SNb axons fail to defasciment (A5), so the gene affected by A5 does not contribute to the phenotype (for details see Experimental Proculate from the ISN and turn into the ventrolateral muscle field. Instead, they continue to extend dorsally within cedures). Third, a single copy of a 10.5 kb fragment containing the dptp69D gene completely rescues the the ISN, which often appears thicker than normal owing to the addition of the misrouted SNb axons. In complete mutant phenotypes (Table 1; data not shown) . Surprisingly, embryos homozygous for the dptp69D 2 bypass segments, the ventrolateral muscles are apparently uninnervated (Figures 3B and 4B) . and dptp69D 3 mutations, which delete short regions of N-terminal coding sequence, have less penetrant pheSome SNb axons that bypass the ventrolateral muscles later leave the ISN distal to the muscle field and notypes than dptp69D 1 or Df(3L) 8ex34 homozygotes. The penetrance of SNb defects in dptp69D 2 embryos (8%) grow backward on the internal side of the muscles (U-turn phenotype), forming synaptic specializations at is intermediate between wild-type (<1%) and dptp69D 1 , and dptp69D 3 embryos appear almost normal (Table 1) . positions normally used by wild-type branches ( Figures  3D and 4C ). These axons apparently retain the ability to dptp69D 3 produces a clear phenotype in double mutant combinations, however (see below). The penetrance of recognize their target field, even though they bypassed it during the initial phase of their outgrowth.
the SNb phenotype appears to correlate with the amount (E and F) Split/stall phenotype. The focal plane in (E) is at the level of the more internal muscles 6 and 7, while in (F) it is at the level of muscles of extracellular domain coding sequence removed by the deletion. The data show that dptp69D 3 and dptp69D 2 mutants retain partial function of the dptp69D gene, at least for the motor axon phenotype. It is unclear how transmembrane DPTP69D protein could be made in these mutants, however, since the DNA encoding the signal sequence is deleted. Perhaps there are cryptic signal sequences within the extracellular domain that allow small amounts of protein to be synthesized and oriented correctly in the membrane.
Mutant Embryos Lacking both DPTP69D and DPTP99A Display a Synergistic SNb Phenotype
To determine whether the incomplete penetrance of the SNb defects in dptp69D null embryos could be due to compensation by other axonal RPTPs, such as DPTP99A, we analyzed dptp69D dptp99A double mutant combinations. We find that the penetrance and severity of SNb defects are enhanced in dptp69D dptp99A embryos, even though the loss of only DPTP99A does not affect motor axons (Hamilton et al., 1995;  Table 1 ). In dptp69D 1 dptp99A 1 embryos, the peripheral motor pathways, with the exception of the ISN, are disorganized and irregular in almost all segments. Double mutant embryos also exhibit CNS defects, including breaks and bundle fusions in the longitudinal tracts and a variable widening of the CNS (data not shown). The pattern of body wall muscle fibers appears normal in dptp69D 1 dptp99A 1 embryos, however. The cell bodies and axons of the PNS are also normal. Figure 3D . SNb axons turn proximally after bypassing the ventrolateral muscles and arborize at the proximal edge of muscle 13 (Table 1) .
(closed bar).
Analysis of SNb phenotypes in double mutant combi-(D) Split/detour phenotype. Schematic of the left hemisegment in nations involving the weaker dptp69D 2 and dptp69D 3 Figure 3C . Some SNb axons leave the ISN at the normal choice alleles demonstrates that in each case the loss of point, partially stall on muscle 14 (bar), and form a synapse at the dptp99A function increases the penetrance of SNb decleft between muscles 7 and 6 (dot). Other SNb axons exit the ISN at an abnormal point and arborize between muscles 13 and 12 (bar).
fects caused by dptp69D deletions by 4-to 7-fold.
(E) Split/stall phenotype. Schematic of the middle hemisegment in dptp69D 3 , which has the smallest deletion, is essentially displaying defects only in combination with dptp99A mutations (Table 1) . In summary, our data show that Numbers in parentheses show total number of hemisegments (A2-A7) scored. Embryo collections were stained with anti-DPTP69D MAbs, and nonstaining late stage 16 embryos were sorted, restained with MAb 1D4, and dissected. b In most cases, the same embryos were used for examination of SNb and SNa phenotypes. SNa nerves were scored as abnormal if they exhibited obvious guidance errors (see text; Figure 5 ). Other SNa nerves in single and double mutants do not have such guidance errors but lack one branch. We have not scored these as abnormal because such phenotypes could be due to a developmental delay in branch formation. If nerves with missing branches were included, the penetrance of SNa phenotypes would be at least 70% in dptp69D 1 dptp99A 1 mutant embryos. c Embryos from a dptp69D 1 /TM3 collection that displayed axonal staining with an anti-DPTP69D MAb. d CB24 is a P insertion adjacent to dptp99A and is the parent of dptp99A 1 . CB24 is homozygous lethal but does not affect DPTP99A expression (Hamilton et al., 1995) . e dptp99A 1 is the new designation for the mutation previously known as dptp99A HA64 (Hamilton et al., 1995) . All embryos from a dptp99A 1 / Df(3R) R3 line that developed nervous systems were scored. Df(3R) R3 homozygotes have severe early defects. f dptp69D 3A is a derivative of dptp69D 3 that has lost the A5-associated lethality. It has the same breakpoint within dptp69D as dptp69D
, which deletes the cytoplasmic domain of DPTP69D, may not be a null mutant. The penetrance of SNb defects in single and double mutant combinations bearing this deletion is somewhat lower than for combinations involving dptp69D 1 or Df(3L) 8ex34 . h To identify double mutants bearing the P[dptp69D, w ϩ ]4-1 insertion (on chromosome 2), embryos derived from a cross between w; P[dptp69D, w ϩ ]4-1; dptp69D 1 dptp99A 1 /TM6B males and w; Df(3L) 8ex25 dptp99A 1 /TM6B females were stained with an anti-DPTP99A MAb, and nonstaining late stage 16 embryos were sorted, restained with MAb 1D4, and dissected. Rescue was assayed in this manner to allow identification of dptp69D dptp99A embryos bearing a copy of the transgene, because only these embryos lack DPTP99A staining. The transgene also rescues the lethality of double mutants (dptp69D
the loss of dptp99A function synergizes with dptp69D fascicle of the ISN (small arrowhead in Figure 5A ) and enter the SNb pathway at the exit junction. mutations to produce more severe motor axon guidance defects.
The RP clusters in dptp69D mutants have the correct number of cell bodies and are located at normal positions, although they are less regularly arranged than in wild type. Mutant RP axons, however, sometimes exhibit dptp69D and dptp99A Mutations Affect RP Axon Pathways within the CNS guidance errors within the CNS. In the top segment of Figure 5B , the RP fascicle on the left side does not turn The cell bodies of the RP neurons, four of which contribute axons to the SNb, are located in paired clusters out along the ISN pathway, but instead continues along the longitudinal connective (arrowhead) into the next between the commissural tracts of each segment. RP1, RP3, and RP4 express the adhesion molecule fasciclin posterior segment and joins its RP fascicle. In the middle segment, the RP fascicle is missing on the right side III at high levels Halpern et al., 1991;  large arrowhead in Figure 5A ). Their axons grow across (open arrow in Figure 5B ). This suggests that the RP neurons in the left-hand cluster extend axons ipsilaterthe midline (small arrow in Figure 5A ) and over the contralateral RP cluster. They leave the CNS as a single ally, following the axon fascicle formed by the axons Figure 5 . RP Cell Bodies and Axon Pathways within the CNS in dptp69D and dptp69D dptp99A Embryos Dissected stage 14 embryos were fixed and stained with an anti-fasciclin III MAb, 7G10 . (B) from the right-hand cluster. Of 70 hemisegments examembryos have a lower penetrance of SNa defects (4%) and dptp69D 3 embryos are almost normal (Table 1) . ined in dptp69D 1 homozygotes, all had RP cell body clusters at normal positions, but 14 displayed guidance dptp99A embryos do not display any SNa defects. The loss of dptp99A function, however, potentiates the errors of the types seen in Figure 5B . No such errors were seen in wild type (0 of 253 hemisegments).
effects of dptp69D 1 . About one in three of the SNa nerves are phenotypically abnormal in double mutants. These We also examined RP axon outgrowth in double mutants (dptp69D 1 dptp99A
). Again, SNa phenotypes are also rescued by a single copy of the dptp69D transgene (Table 1) . two fasciclin III-staining RP cell body clusters are present in all hemisegments. Double mutants exhibit the The loss of dptp99A in combination with the weaker dptp69D alleles has effects on SNa phenotypes similar same spectrum of guidance errors as single mutants, but at a higher frequency (43 of 100 hemisegments had to those described above for SNb. Removing dptp99A function increases the penetrance of SNa defects proabnormal RP fascicles). RP clusters in two segments of Figure 5C extend axons that fail to cross the midline duced by each dptp69D mutation by 3-to 4-fold. The rank order of phenotypic penetrance is the same for (small arrows) and follow the ipsilateral ISN pathway instead. Since only 5 of 100 of hemisegments examined SNa and SNb in both single and double mutants, with dptp69D 1 > dptp69D 2 > dptp69D 3 /dptp69D 1 > dptp69D 3 lack RP fascicles, while >50% of hemisegments exhibit SNb bypass phenotypes in double mutant embryos, we ( Table 1 ). conclude that the bypass phenotype is usually due to errors in axon guidance rather than to the absence of Discussion SNb axons.
Receptor tyrosine phosphatases are expressed on neuronal processes in both Drosophila (reviewed by Zinn, 1993) and vertebrates (Stoker et al., 1995) , but their SNa Pathways Are Altered in Single and Double Mutants functions during neural development are unknown. In this paper, we report that two neural RPTPs, DPTP69D The axons of the SNa exit the CNS in the SN root and follow a distinct pathway to the distal edge of the ventroand DPTP99A, are involved in motor axon patterning in the Drosophila embryo. dptp69D mutations most lateral muscle field. The SNa then bifurcates and extends one branch to lateral muscles 21-24 and anstrongly affect one motor nerve, the SNb (Figures 3 and  4) . dptp99A mutations are silent except in the presence other to muscles and 5 and 8 (diagram in Figure 4A ; large arrowheads in Figure 6A ). dptp69D and dptp69D of a dptp69D mutation. When the two rptp mutations are combined, a synergistic phenotype is produced in dptp99A mutants display a variety of SNa guidance defects. The SNa axons in the middle segment of Figure  which almost all SNb nerves are abnormal (Table 1) . Similar effects are observed for the SNa nerve. Few SNa 6B leave the ISN at an abnormal exit point and then stall before reaching their targets. The right SNa splits into nerves are perturbed in dptp69D mutant embryos, but many display abnormal guidance phenotypes in three fascicles instead of two. The penetrance of such SNa phenotypes in embryos homozygous for the comdptp69D dptp99A double mutants ( Figure 6 ; Table 1 ). These data provide one of the clearest examples of plete deletion (dptp69D 8ex34 ) or for the extracellular domain deletion (dptp69D 1 ) is ‫.%9ف‬ As with SNb, dptp69D 2 genetic redundancy during embryonic development and may have important implications for the understanding ventrolateral muscle field at normal or abnormal sites and then make pathfinding errors at subsequent choice of motor axon guidance mechanisms.
points during navigation among the individual muscle fibers. Growth Cone Guidance in dptp69D and dptp99A Mutant Embryos About one in five SNb nerves exhibits a bypass, detour, or stall phenotype in dptp69D null embryos. To SNb growth cones, including those of the identified neurons RP1, RP3, RP4, and RP5 (Halpern et al., 1991; investigate whether other axonal RPTPs might compensate for loss of DPTP69D in mutant embryos, we comand Whitington, 1991a, 1991b) make incorrect decisions at several choice points along the pathway to their musbined the various dptp69D alleles with mutations in the dptp99A gene (Hamilton et al., 1995) . dptp99A null mucle targets in dptp69D mutant embryos. These pathfinding errors produce a number of different phenotypes.
tant embryos have no detectable motor axon defects. In double mutant combinations made with each dptp69D In the bypass phenotype, SNb growth cones fail to leave the ISN pathway and do not enter the ventrolateral musallele, however, the removal of dptp99A function increases the penetrance of SNb defects by 4-to 7-fold cle field ( Figures 3B and 4B ). Such growth cones can still recognize their targets, however, because they (Table 1) . In double null embryos, at least 85% of SNb nerves exhibit bypass, detour, or stall phenotypes. Thus, sometimes turn and innervate the ventrolateral muscles from the wrong side (U-turn phenotype; Figures 3D and loss of zygotically expressed DPTP69D and DPTP99A proteins produces highly penetrant motor axon defects. 4C). A more common set of pathfinding errors in dptp69D mutants produce detour and stall phenotypes It is possible that the severity of these phenotypes could be further increased by removal of maternal gene func-( Figures 3C, 3E, 3F, and 4D-4E) . In hemisegments displaying these phenotypes, SNb growth cones enter the tion, since all of the rptp genes are expressed during oogenesis (Fitzpatrick et al., 1995) . However, we cannot in hemisegments exhibiting bypass and U-turn phenotypes, SNb axons actually extend farther than they do detect any residual maternally derived DPTP69D or DPTP99A protein in null mutant embryos.
in wild-type embryos, demonstrating that there are no defects in basic processes required for neurite exThe relative percentage of abnormal hemisegments that exhibit bypass rather than detour/stall phenotypes tension. is dramatically increased in double mutants, indicating that the probability of an incorrect pathway decision dptp69D and dptp99A Loss-of-Function and at the entry point to the muscle field is greater when Adhesion Molecule Gain-of-Function DPTP99A is not expressed. At least 50% of all SNb Phenotypes Are Similar nerves bypass the ventrolateral muscle field in dptp69D
The SNb bypass, detour, and stall phenotypes observed dptp99A double null embryos, while only 2%-3% do so in dptp69D and dptp69D dptp99A mutants strikingly in dptp69D null embryos. The frequency of detour/stall resemble those produced by overexpression of the hophenotypes increases to a lesser extent, from 17%-20% mophilic adhesion molecule fasciclin II on motor axons in dptp69D null embryos to 35%-40% in double null or by ectopic expression of the connectin glycoprotein embryos. These results show that both RPTPs particion ventrolateral muscles ; Nose pate in growth cone guidance and that they function at et al., 1994). Fasciclin II overexpression also affects the several choice points along the SNb pathway.
SNa nerve, again producing phenotypes similar to those Some SNb nerves still innervate their targets even in observed in the rptp mutants. Raising the level of fasdptp69D dptp99A double null mutants. This suggests ciclin II or connectin misexpression increases the penethat other RPTPs could also participate in pathfinding trance of defects, just as reducing dptp69D or dptp99A decisions made by SNb growth cones. Another paper function does. in this same issue of Cell (Krueger et al., 1996) shows The similar phenotypes produced by dptp69D and that the RPTP DLAR is involved in SNb guidance. DLAR dptp99A loss-of-function mutations and fasciclin II and is a large adhesion molecule-like RPTP (Streuli et al., connectin gain-of-function constructs suggest that 1989) that is selectively expressed on CNS axons (Tian RPTPs and these adhesion/repulsion molecules affect et al., 1991). In dlar mutants, a complete SNb bypass the same signal transduction pathway or use parallel phenotype is observed in ‫%06ف‬ of hemisegments. This pathways that converge onto the same effectors. It has bypass phenotype differs subtly from that commonly been reported that engagement of the homophilic adheobserved in dptp69D dptp99A mutants, however. SNb sion molecules N-CAM, L1, and N-cadherin potentiates axons in dlar mutants do appear to leave the ISN, but adhesion and neurite outgrowth via elevation of fibrothen extend distally as a distinct fascicle rather than blast growth factor receptor tyrosine kinase activity (Wilentering the muscle field (Krueger et al., 1996) . By conliams et al., 1994) . As fasciclin II is likely to be the Drotrast, SNb axons in dptp69D dptp99A mutants often sophila homolog of N-CAM, it is possible that a similar completely fail to defasciculate from the ISN and extend signaling pathway could be present in flies. If so, hodistally as part of the ISN fascicle ( Figure 3B ). This sugmophilic interactions among SNb axons mediated by gests that DLAR may be centrally involved in the recogoverexpressed fasciclin II might elevate the activity of nition of the muscle field by SNb growth cones, while a tyrosine kinase. Likewise, binding of connectin on ven-DPTP69D and DPTP99A regulate defasciculation and trolateral muscles to a heterophilic receptor on SNb guidance at several choice points along the SNb growth cones might also elevate tyrosine kinase activity. pathway.
This tyrosine kinase signal would have the net effect of The functional redundancy of DPTP69D and DPTP99A repelling growth cones from the target by keeping them in controlling motor axon pathfinding may help to explain within the fascicle. This is consistent with results obwhy the overall structure of the CNS axon array appears tained in vertebrate systems, where Eph family tyrosine fairly normal in all of the rptp mutants, even though kinases can promote fasciculation via their activation each RPTP is expressed on most or all CNS axons. The by repulsive ligands (Winslow et al., 1995; Drescher et function(s) of an individual RPTP may be redundant for al., 1995). many pathfinding decisions during CNS development.
In the Drosophila neuromuscular system, RPTP activIn addition, however, there are likely to be subtle alterity could oppose fasciclin II-mediated adhesion and regations within the CNS of rptp mutant embryos that can ulate the influence of repulsive ligands by decreasing only be visualized if the appropriate antibody markers signaling through tyrosine kinase pathways. Elevation are available. In dptp69D and dptp69D dptp99A emof RPTP activity at specific choice points might allow bryos, RP growth cones that follow the SNb pathway in growth cones to defasciculate from axon bundles. This the periphery also make pathfinding errors along the would enable SNb growth cones to leave the ISN at the proximal segments of their pathway within the CNS (Fig- first choice point and to defasciculate and form synure 5).
apses on their targets at subsequent choice points The dptp69D and dptp99A mutations appear to perwithin the muscle field. Elimination or reduction of RPTP turb axon guidance selectively and are unlikely to alter activity by mutation would interfere with transmission motor neuron cell fates. The RP neuron markers fasciclin of defasciculation signals, producing aberrant pathway III (Figure 5 ), Even-skipped, and RK20 (data not shown) decisions. are expressed normally in both single and double mutant In summary, pathfinding and synapse formation by embryos. SNb axons in mutant embryos do not appear motor axons may be controlled by a balance between to form synapses on ectopic targets, suggesting that their target specificity has not changed. mediated by contact with cell surface ligands, could tip this balance at choice points, allowing growth cones to
